Previously we have shown, using two-dimensional electrophoresis, that mitochondrial ATP synthase (F o F 1 -ATPase) -subunit is the 55-kDa protein increased in cold-acclimated carp Cyprinus carpio (Kikuchi K, Itoi S, and Watabe S, Fisheries Sci 65: [629][630][631][632][633][634][635][636] 1999). To clarify the coordinate expression in various subunits of carp F o F 1 -ATPase with temperature acclimation, we examined the differences in mRNA levels of mitochondrial proteins encoded by both nuclear and mitochondrial genes in fast muscle of carp acclimated to 10 and 30°C. The mRNA levels of nuclear genes per unit weight of total RNA were nearly two fold higher in the 10°C-than 30°C-acclimated carp. However, the transcripts of mitochondrial genes for the 10°C-acclimated carp in terms of the same comparing unit were 6 -7 times as much as those for the 30°C-acclimated carp. The F o F 1 -ATPase activities measured at 10, 25 and 30°C were nearly two fold higher for the cold-acclimated fish than their warm-acclimated counterparts. Such quantitative and qualitative changes in carp F o F 1 -ATPase may contribute to extra ATP production required to compensate for energy balance at suboptimal temperatures.
INTRODUCTION

In eurythermal temperate fish such as carp Cyprinus carpio and goldfish
Carassius auratus, temperature acclimation leads to an array of adaptational physiological changes to compensate for the effect of temperature variation on metabolic processes (13) . Such changes are manifested in the swimming behavior, for example, where the maximum cruising speed of several fish species is increased at low temperatures following cold acclimation for several weeks (11, 21) . In a recent experiment, Wakeling et al. (43) showed that temperature acclimation had profound effect on fast-start behaviors in carp. Another example of consequences accompanying temperature changes is the proliferation of mitochondria as reflected by enhanced mitochondrial volume density in tissues of temporarily cold-acclimated as well as permanently cold-adapted fish (10, (22) (23) (24) 41 ).
Several lines of evidence have shown that the increase in the number of mitochondria in cells is usually associated with an increase in tissue-specific activity of cytochrome c oxidase (COX): low temperatures provoke a compensatory increase of COX activity in fish tissues (6, 12, 42, 51) . COX, the terminal enzyme in the electron transport chain, is located in the inner mitochondrial membrane. While it catalyzes the oxidation of cytochrome c using molecular oxygen, the energy released in this reaction is utilized to translocate protons across the inner mitochondrial membrane. The mammalian COX enzyme complex consists of 13 subunits; three subunits are encoded by mitochondrial genes, and the remaining 10 subunits are encoded by nuclear genes (45). Therefore, the increase in mitochondrial volume density must be achieved by coordinate expression of associated proteins encoded by mitochondrial and nuclear R-00182-2002.R2 4 genes (12) .
We have recently shown that the content of the mitochondrial ATP synthase (F o F 1 -ATPase) -subunit ( -F 1 -ATPase) was about two fold higher in carp acclimated to 10°C than in fish acclimated to 30°C both at protein and transcriptional levels (25, 47).
F o F 1 -ATPase harnesses the potential energy of the proton gradient produced by electron transport chain complexes including COX to synthesize ATP from ADP and Pi (36).
Thus the increase of mitochondrial volume density in fish would compensate for the decrease of ATP production at low temperatures by means of increasing quantities of mitochondrial protein components in the respiratory chain (25). However, there is no evidence available on the correlation between mitochondrial content and F o F 1 -ATPase in association with temperature changes.
The eukaryotic F o F 1 -ATPase is a supramolecule consisting of two functional components which are structurally well defined: a hydrophilic F 1 component containing catalytic sites for ATP synthesis, and a proton channel, F o , embedded in the mitochondrial inner membrane (36). F 1 is further composed of -, -, -, -, and -subunits, whereas F o contains more subunits called a, b, c, d, e, F 6 , OSCP, and A6L (35). The a-and A6L-subunits of the F o domain that are also collectively called ATPase 6-8, are encoded by mitochondrial genes, whereas all other subunits are distinctly encoded by nuclear genes in vertebrates (2) . Therefore, the increase in ATP production must be achieved by coordinate expression of associated proteins encoded by mitochondrial and nuclear genes, as in the case of COX.
The objective of the present study was to compare changes in expression levels of carp F o F 1 -ATPase subunits encoded by nuclear and mitochondrial genes following temperature acclimation. We observed that the mRNA levels of those encoded by R-00182-2002.R2 5 nuclear genes were about two fold higher in the 10°C-than 30°C-acclimated carp.
However, the levels of subunits encoded by mitochondrial genes in the former fish were 6 -7 times higher than those in the latter one. Oligomycin sensitive F o F 1 -ATPase activity per mitochondrial protein weight in the 10°C-acclimated carp was about two fold higher than that in the 30°C-acclimated fish at 10, 25 and 30°C. Such quantitative and qualitative changes of F o F 1 -ATPase following temperature acclimation are discussed in terms of energy compensation.
MATERIALS AND METHODS
Fish. Carp (88 -238 g) were acclimated in laboratory aquariums to either 10 or 30°C for a minimum of 5 weeks (14) . All fish were fed commercial pellets daily ad libitum before being killed. Fish were killed by pithing and transection of the spinal cord.
PCR amplification and cDNA cloning. Genomic DNA was prepared from carp fast muscle according to Ausubel et al. (5) and PCR amplification was performed as follows. The reaction mixture for nuclear genome-encoded proteins contained carp fast muscle cDNA library (19) or genomic DNA as a template, 2 l of 10 × Ex Taq for 1 min, annealing at 57°C for 1 min, and extension at 72°C for 1 min, with a final extension step at 72°C for 7 min. The conditions of PCR for mitochondrial genome-encoded subunits were the same as described above except for annealing at 60°C. PCR products were cloned into the TA site of pT7Blue T-vector (Novagen) to autoradiography on an X ray film with intensifying screens at -80°C for one week ( -, -, and -F 1 -ATPase, and c-F o -ATPase) or at room temperature for 24 h (others).
The hybridized membrane was scanned with a Fujix BAS 1000 computerized densitometer scanner and quantified using a recommended scanning program.
Southern blot analysis. Total DNAs including those of mitochondria and genome were prepared from carp fast muscle according to Ausubel et al. (5) and the aliquots (10 g) were digested with HindIII. The digests were size-fractionated by electrophoresis in a 0.9% agarose gel and transferred to a nylon membrane.
Subsequent procedures were the same as in the case of northern blot analysis.
Isolation of mitochondria. Mitochondria were isolated from carp fast muscle according to Toth et al. (40) . The fast muscle (39 -61 g) was excised and minced into about 1 mm cubes in 2 volumes of an ice-cold isolation medium (pH 7.4) containing 210 mM mannitol, 70 mM sucrose, 5 mM HEPES, and 0.2% BSA. The mince was washed three times with the isolation medium to remove blood and free lipid, and resuspended in 10 volumes of the isolation medium to which collagenase from Clostridium histolyticum (Wako) was added at a final concentration of 0.07%. After 15 min incubation in ice-cold water, the tissues were gently homogenized using a Potter-Elvejhem type homogenizer (2 passes with a loosely fitting Teflon pestle followed by 1 pass with a tightly fitting pestle). The homogenate was allowed to stand on ice for 10 min, and EGTA was added to a final concentration of 1 mM to halt collagenolysis and prevent mitochondrial uptake of Ca
2+
. The homogenate was centrifuged at 900 × g for 10 min and the resultant supernatant was centrifuged at 8,400
× g for 12 min. The pellet was washed by centrifuging at 17,500 × g for 12 min and resuspended in the isolation medium containing 1 mM EGTA. This washing procedure was repeated again and the resultant mitochondrial pellet was washed twice by decantation using 5 ml of a suspending medium (pH 7.4) including 250 mM sucrose, 
RESULTS
Cloning of carp -F 1 -ATPase cDNA. Oligonucleotide primers, CATPAF1
and CATPAR1, were designed from well-conserved regions of -F 1 -ATPase from rat (GenBank database accession number, J05266), mouse (L01062), human (D14710), bovine (M22465), and Xenopus laevis (M16259) ( Table I ). SK and KS were universal primers in pBluescript SK(-). PCR using the synthesized primers and carp muscle cDNA library as a template yielded cDNA fragments of approximately 1.6 kbp (CATPAF1 and KS) and 1 kbp (SK and CATPAR1), and these two fragments were just overlapped in the DNA nucleotide sequence. To obtain a cDNA encoding a full length of carp -F 1 -ATPase, oligonucleotide primers, alpha5'term2 and alpha3'term1, were designed referring to the sequences obtained (Table I) . PCR with these primers and KS (Table I) , a cDNA of about 450 bp encoding a C-terminal region of carp -F 1 -ATPase. These two DNA fragments, one amplified by primers SK and CATPGR1
and the other by primers CATPGF2 and SK, were overlapped in 109 bp. PCR using gamma5'term1 and gamma3'term1 primers (Table 1) and pGEM (c-F o -ATPase). Relative mRNA levels of these nuclear genes were calculated using that of 18S rRNA as an internal standard. The cDNA probe of carp 18S rRNA was obtained by PCR using specific primers referring to the nucleotide sequence of carp (U87963) ( Table I ). As shown in Fig. 2 , the -, -and -F 1 -ATPase and c-F o -ATPase transcripts in the 10°C-acclimated carp were about 2-fold higher than those in the 30°C-acclimated fish. The differences were significant at the levels of P < 0.05 for -and -F 1 -ATPase, P < 0.01 for c-F o -ATPase, and P < 0.005 for -F 1 -ATPase (Fig. 2 ).
Three pairs of oligonucleotide primers, mtATPaseF1 and mtATPaseR1 for ATPase 6-8, CCOXIIF1 and CCOXIIR1 for COX subunit II (COXII), and CCytbF1 and CCytbR1 for cytochrome b, were synthesized referring to the nucleotide sequence of carp mitochondrial genome (X61010) ( Table I) . PCR with synthesized primers and carp fast muscle total DNA as a template amplified cDNA fragments of 895 bp for ATPase 6-8 and 680 bp for both COXII and cytochrome b. These cDNA fragments were used as probes for northern blot analysis to investigate the changes in the accumulated mRNA levels in carp fast muscle following temperature acclimation. The transcripts of these mitochondrial genes were 6.7-fold higher on an average in the 10°C-than 30°C-acclimated carp, their differences being significant at the levels of P < 0.01
for ATPase 6-8 and P < 0.05 for COXII and cytochrome b (Fig. 2 , Table II ). The intensity of detected signals from transcripts encoded by mtDNA was 5 -10 fold higher than those encoded by nuclear genes.
The different accumulation levels between mRNAs encoded by nuclear and mitochondrial genome could be due to enhanced copy numbers of mitochondrial genome. To address such ambiguity, the ratio of the quantities of mitochondrial to those of nuclear DNA was examined by Southern blot analysis on total DNA extracted from the fast muscle of carp acclimated to 10°C and 30°C. The probe for mitochondrial DNA (mtDNA) was prepared by PCR with oligonucleotide primers, mtATPaseF2 and mtATPaseR2 (Table I) , from the clone in plasmid pT7Blue, where no recognition site was present for HindIII used for digestion of total DNAs. The probe for nuclear gene was amplified from the -F 1 -ATPase gene with primers, CATPAF1 and CATPAR1. Relative mtDNA levels in carp fast muscle were calculated using those of nuclear genome-encoded -F 1 -ATPase as an internal control. As shown in Fig. 3 , carp exhibited no significant changes in the ratio of the mitochondrial to nuclear genome content after temperature acclimation.
SDS-PAGE and immunoblotting patterns of the mitochondria preparations and muscle extracts.
To examine the effect of thermal acclimation on the mitochondrial protein composition, we performed SDS-PAGE and immunoblotting for isolated mitochondria. SDS-PAGE showed no apparent change in the mitochondrial protein composition following temperature acclimation. After SDS-PAGE, the band carrying -F 1 -ATPase was identified by immunoblotting, although its N-terminal amino acid sequence could not be determined. The monoclonal antibody against bovine heart -F 1 -ATPase reacted specifically with carp -F 1 -ATPase. The band corresponding to -F 1 -ATPase was determined as VAPAAAAAAAA, which was identical to 40th -49th
residues from the N-terminus of carp -F 1 -ATPase precursor protein (25). No significant differences were observed for -and -F 1 -ATPase per mitochondrial protein between fish acclimated to 10°C and 30°C (Fig. 4A) .
To compare the abundancy of -F 1 -ATPase in the total muscle extracts from the 10°C-acclimated carp with those from 30°C-acclimated fish, we performed SDS-PAGE and immunoblotting. No difference was observed in electrophoretic patterns for the total muscle extracts between the 10°C-and 30°C-acclimated carp.
However, comparison of immunoblotting patterns for the muscle extracts from thermally acclimated carp revealed that the abundancy of -F 1 -ATPase in the 10°C-acclimated carp was 2.1-fold higher than that in the 30°C-acclimated fish (P < 0.05) (Fig. 4B) . In this system, a linear relationship between the amount of protein and signal intensity of -F 1 -ATPase on the PVDF membrane was observed for the muscle extracts from 5 -40 g/lane. These observations showed the increase of mitochondrial content in the fast muscle tissue with cold acclimation of carp.
Changes of the oligomycin sensitive ATPase activity. ATPase activity of In mammals, higher mtDNA copy numbers per total genome unit including mitochondrial and nuclear genes lead to increased mitochondrial transcription rates and consequently higher mRNA levels (49). While this copy number per total genome unit may also increase in fishes during cold acclimation due to raise in mitochondrial volume density (10), this has not been proved. However, we demonstrate in the present study that the ratio of mitochondrial to nuclear genome content did not change significantly after temperature acclimation in carp fast skeletal muscle (see Fig. 3 ).
Similarly, Battersby and Moyes (6) showed that changes in mtDNA transcripts could increase without changes in mtDNA copy number of cold-acclimated trout. The notion that transcription does not limit mitochondrial protein synthesis (4), together with the fact that mtDNA is present in excess (7), has led Battersby and Moyes (6) to speculate that mtDNA copy number is not the main determinant of mitochondrial content.
We observed that gene expression of F o F 1 -ATPase subunits was regulated in a coordinated manner with albeit different magnitude of changes for mitochondrial and nuclear genomes-encoded proteins following temperature acclimation at the transcriptional level (see Fig. 2 ). Houšt k et al. (17) reported that the expression of c-F o -ATPase is a limiting factor because its level is lower than any other subunits. In this study, carp fast muscle c-F o -ATPase showed expression changes similar to those of other subunits encoded by nuclear genes. We also showed that cold acclimation induced higher mRNA levels of F o F 1 -ATPase subunits encoded by mitochondrial genes than those of the subunits encoded by nuclear genes (see Fig. 2 ). It has been reported that an equimolar upregulation of mitochondrial and nuclear genes encoding COX in brown adipose tissues occurs during biogenesis of mitochondria induced by cold (9), since the ratio of mitochondrial to total genome did not change after temperature acclimation in carp fast skeletal muscle as described before.
In accordance with the increased levels of mRNA for F o F 1 -ATPase subunits, the quantities of -F 1 -ATPase in the 10°C-acclimated carp were 2.1-fold higher than those in the 30°C-acclimated fish (see Fig. 4B ). This increased level was well correlated with that of -F 1 -ATPase, as we have reported previously (25). On the other hand, no change was observed in mitochondrial protein composition including -and -F 1 -ATPase between the 10°C-and 30°C-acclimated fish (see Fig. 4A ). Although proteins encoded by mitochondrial genes were not quantified in this study, we assume that most mitochondrial proteins would also be increased maintaining the same expression level of all transcripts for the F o F 1 -ATPase subunits in cold acclimation.
However, the SDS-PAGE method is not sensitive enough to detect small but relevant changes for weakly stained proteins in such crude preparations. Since the mRNA of mitochondrial compared to nuclear encoded-subunits is upregulated to a much larger extent (see Fig. 2 ), the question remains open, whether the copy number of these subunits is increased.
In this study, the oligomycin sensitive ATPase activity per mitochondrial protein in cold-acclimated carp was higher than that in warm-acclimated carp at 10, 25, and 30°C (see Fig. 5 ). The possible decrease of ATP production in mitochondria at low temperatures could be compensated by the increase of cold-acclimated fish were consistently higher than those in their warm-acclimated counterparts under the same reaction temperature, the enzyme activity in cold-acclimated carp measured at 10°C was about half of that in warm-acclimated fish measured at 30°C (see Fig. 5 ). Thus, it seems that despite higher specific activity, at 10°C the cold-acclimated fish has to increase the enzyme concentration to attain the 30°C-activity level to maintain the normal metabolic activity.
We found that the mRNA levels of nuclear genes per unit weight of total RNA were nearly two fold higher in the 10°C-than 30°C-acclimated carp. However, the transcripts of mitochondrial genes for the 10°C-acclimated carp in terms of the same comparing unit were 6 -7 times as much as those for the 30°C-acclimated carp.
Similarly, the A, northern blot analysis for 3 individuals each from the 10°C-and 30°C-acclimated groups. Lanes 1 -3 contain 10 g of total RNAs from the 10°C-acclimated fish, whereas lanes 4 -6 contain those from the 30°C-acclimated fish.
The homogeneity and integrity of the loaded samples were verified by ethidium bromide staining of the gel (see Fig. 2A, lower panel) . B, relative mRNA levels of carp F o F 1 -ATPase subunits and other mitochondrial gene-encoded proteins in fast muscle were determined using 18S rRNA as an internal control. RNA blots were quantified using a computerized densitometer. The average value of mRNA levels for the 30°C-acclimated carp was taken as 100. Bars represent means ± SD. Student's t-test was employed for statistical comparison (* P < 0.05, ** P < 0.01, *** P < 0.005). HindIII. B, relative mtDNA levels in carp fast muscle were determined using the nuclear genome encoding -F 1 -ATPase as an internal control. mtDNA blots were quantified using a computerized densitometer. The average value of mtDNA levels for the 30°C-acclimated carp was taken as 100. Bars represent means ± SD. ATPase activity was determined as described in Materials and methods using an ATP regenerating system. Filled symbols represent values for the 10°C-acclimated
carp, whereas open symbols represent values for 30°C-acclimated fish. Differences are significant between carp acclimated to 10°C and 30°C at P < 0.0005 (****), P < 0.005 (***), and P < 0.05 (*). The activity at 10°C for the 10°C-acclimated carp was about 2 times lower than that at 30°C for the 30°C-acclimated fish (P < 0.05). Bars represent means ± SD. Differences are significant for mRNA levels between carp acclimated to 10°C and 30°C at P < 0.005 (***), P <0.01 (**), and P <0.05 (*). 
